A method for measuring photo-fluorescence decay times to approximately
H E decay time of the fluorescence from the organic crystals and solutions, used in scintillation counting, is of the order of IO-* second. Many T observations have been reported of the decay time tI of the fluorescence excited by ionizing radiations for the more important phosphors. Few direct measurements are available however of the decay time t, of the photo-fluorescence excited by ultra-violet radiation, apart from those of Liebson et al. (1950) , who found that t, was greater than t,, and approximately equal to 2tf for most of the organic crystals investigated.
Previous measurements by Bowen and Lawley (1949) and Little and Birks (1952) have shown that the spectrum of the photo-fluorescence observed in transmission through an organic crystal is critically dependent on crystal thickness, due t o the overlap of the absorption and emission spectra. Only a fraction of the molecular emission occurs in a spectral region to which the crystal is transparent, the remainder being absorbed. The absorbed radiation will be re-emitted as fluorescence, this process of emission and absorption recurring until all the initial excitation energy either escapes from the crystal as fluorescence in the transparent region, or is dissipated thermally by internal conversion. Due to this 'photon cascade' process, the technical decay times t~ and tf observed for thick crystals would be expected to correspond to the sum of the decay times of several molecular emissions (Birks 1953) . This distinction between the technical and molecular decay times appears to have been overlooked by previous observers.
An experimental method has therefore been developed for the measurement of photo-fluorescence decay times, and it has been used to study the effect of crystal size on tf, and to determine the molecular decay time (tf), for various organic compounds of interest. $ 2 . PRINCIPLE OF THE METHOD When a phosphor of photo-fluorescence decay time tf is excited by light, whose intensity is modulated at a high angular frequency h, the fluorescence emission is also modulated in intensity, but its phase lags behind that of the exciting light, and its degree of modulation differs from that of the exciting light.
The decay of the fluorescence emission from an organic molecule is exponential (Pringsheim 1949) . It is shown subsequently that the technical decay process, consisting of several such monomolecular decays, is also exponential. This is confirmed by the shape of the observed modulation curves, and it is in agreement with the exponential scintillation decay pulses, excited in organic crystals by fast electrons and recorded by other observers. A nonexponential scintillation decay may occur with heavy particle excitation, due to bimolecular quenching processes in the primary ionization column (Wright 1953) .
The rate of emission of light by a phosphor, excited by a light pulse of intensity I at the time t = 0, is at a time t given by
where q is the photo-fluorescence efficiency. Hence the intensity of the fluorescence emission, excited by a modulated light source whose intensity is given by (1); is at a time to 
The Design and Calibration of the Phase Changer
The phase changer (Hund 1936) is an artificial line which consists of ten 2 p H inductances wound on a single bakelite former with each inductance shunted to earth with a 50 PF condenser, and the line is terminated in a matched resistive load. A movable pick-up coil is mounted inside the coil former on a graduated, adjustable screw. The phase changer was calibrated by comparison with a short length of cable of known electrical length. The 15 Mc/s signal . 61-2 from the phase changer was fed to the X deflection plates of a fast oscilloscope, and the 15 Mc/s signal from the frequency doubler was fed via an amplifier through a concentric cable to the Y deflection plates. The phases of the two signals were adjusted to give a linear trace on the oscilloscope screen. The introduction of a short known additional length of cable in the Y-plate channel caused a phase change. The resultant elliptical oscilloscope trace was reduced to a linear trace again by an adjustment of the phase changer, whose reading was equated to the calculated phase change introduced by the cable. The calibration curve of the phase changer is shown in fig. 2 . Different calibration runs agreed to within less than 1" of phase, i.e. approximately 2 x 10-lO second.
The signal from the phase changer is variable over 300" and is approximately constant in amplitude. It is fed through a limiting tuned amplifier giving an output constant in amplitude to better than 0.1 yo over the whole range of phase. The high-frequency gas discharge tube operates at pressures of up to 15 cm Hg. Air is found to be the most satisfactory and convenient gas. The discharge tube has two needle-point tungsten electrodes with 1 mm separation, sealed into a Pyrex tube which has a flat quartz window. The unperturbed decay times of the excited states of the 0, and N, molecules are relatively long, of the order of 5 x IO-* sec (Frey 1936) , so that at very low pressures the degree of modulation of the light output from the discharge is low though the intensity is high. An increase in the pressurep causes collisional quenching of the excited gas molecules, giving a reduction in intensity, but an increase in the degree of modulation due to the reduced decay time. If it is assumed that the decay time of the excited state of the gas molecule is inversely proportional to the pressure, then the degree of modulation m, is given theoretically by an equation of the form T h e relative degree of modulation of the 7.5 Mc/s air discharge has been measured as a function of p. These measurements are plotted in fig. 3 , and they are in good agreement with the theoretical relation (7) for values of p from approximately 3 cm to 15 cm Hg for a=35. The relative intensity of the light output as a function of p is plotted in fig. 4 . The large increase in intensity at low pressures is due to a sudden increase in the volume of the discharge. 
.( 7)
Although these measurements on the high-frequency gas discharge were primarily conducted to establish the optimum conditions of the modulated light Source for the photo-fluorescence studies, the results obtained indicate that the experimental method should be useful in studies of the decay times of the excited states of gas molecules. The degree of modulation of the discharge is simply related to the decay time, and different spectral bands can be isolated and studied by the use of appropriate filters. For the photo-fluorescence studies an air pressure of about 5 cm Hg was used, since this gave a high degree of modulation combined with an adequate intensity. and on microcrystalline layers of each of the four materials formed on a thin glass plate, by evaporation of a dilute solution of the compound in xylene. In the latter case it was only found possible to excite the photo-fluorescence of anthracene and stilbene with sufficient intensity to observe t f , since the absorption spectra of the other two compounds lie further into the ultra-violet region, where the emission of the source is weak. The mean observed values of tf for the various specimens studied are listed in the table. 
Fluorescence Spectra
The emission spectra of the different anthracene specimens, excited by monochromatic radiation of 254 mp wavelength, have been measured. The spectra were observed by transmission through the specimens using a modified Cenco-Sheard ' spectrophotelometer ' with an EM1 6262 photomultiplier tube as the radiation detector. The intensity readings were corrected for the variation of the sensitivity of the photomultiplier and of the transmission coefficient of the ' spectrophotelometer ' with wavelength. The fluorescence spectra from (a) a microcrystalline specimen, and ( b ) a single crystal, of 1 cm thickness, normalized at a wavelength of 450mp, are plotted in fig. 6 . The absence of vibrational structure is due t o the low resolution of the experimental arrangement.
The spectra of the anthracene powders were intermediate between ( a ) and (b),
extending from a wavelength of about 390mp, with an intensity peak at about 425mp, and coinciding with the other two spectra at wavelengths greater than 450 mp. These powder spectra, like the corresponding decay time measurements, are critically dependent on the grain size. For crystal thicknesses greater than 1 mm the spectrum is practically independent of thickness, and similar to that shown in fig. 6 , curve b.
The emission spectrum of a 2mm thick mixed crystal of naphthalene, containing 0.01 % of anthracene by weight, and excited by the 254 mp radiation, was observed to contain two spectral components characteristic of the naphthalene and anthracene molecules respectively. The spectrum of the anthracene emission was found to be similar to that from the pure anthracene microcrystals ( fig. 6, curve a) . For mixed crystals of greater thickness and higher anthracene concentration, the anthracene emission spectra were intermediate between (a) and (b), and similar to those from pure anthracene powders. Certain of these spectral measurements have been reported previously (Little and Birks-1952) but have not been published.
5. DISCUSSION
The dependence of the fluorescence spectra of the anthracene specimens on crystal size is due to the overlap of the absorption and emission spectra, For the microcrystalline specimens the self-absorption is practically eliminated, and the observed spectrum corresponds t o the true molecular fluorescence of anthracene in the crystalline state. It is similar to that of anthracene in dilute solid solution in naphthalene, and it also agrees closely with that of anthracene in solid solution in polystyrene, observed by Koski (1951). In each case the complete molecular spectrum is observed because the surrounding medium is transparent to the emission.
In a large crystal, a fraction of the fluorescence emitted by the molecules initially excited by the incident radiation is reabsorbed. This absorbed radiation is subsequently re-emitted as molecular fluorescence, which hence includes both Stokes and anti-Stokes radiation. The process recurs until all the fluorescence emission is in the spectral region to which the crystal is transparent. The spectrum observed ( fig. 6, curve b) corresponds to the technical emission spectrum of an anthracene crystal of thickness greater than 1 mm. The probability k, of the escape of the molecular emission is given by the ratio of the area under the technical spectrum to the area under the molecular spectrum.
For the thick anthracene crystals k, = 0.2 fromfig. 6 . The probability of absorption
The effect of the self-absorption on the observed value oft, may be calculated. Let N be the number of excited molecules a t time t , l/(tf)OO be the probability per unit time of molecular emission, and l/ti be the probability per unit time of internal conversion. Then k = 1 -k,= 0.8. ..... .'(13) Bowen, Mikiewicz and Smith (1949) have observed qo = 0.9 for small anthracene crystals at room temperature. This represents a minimum value for qo, since it is not certain that their specimens were sufficiently thin to eliminate self-absorption completely. Substituting qo = 0.9, k, = 0.2, (tf)o = 3.5 k 1.0 mp sec in the equations above, we obtain (tf),, = 3.9 k 1.2 m p sec, tt = 35 k 10 mp sec, and tf= 12.6 f 3-5 mpsec. This value of tf agrees, within the experimental error, with that of tf = 14 f 2 m p sec observed directly.
The photo-fluorescence quantum efficiency qo of a solution of anthracene in benzene is -0.65 (Bowen 1949) . Since self-absorption will be negligible in a relatively dilute solution, we may equate Liebson's value of tf = 2.0 f 0.5 mp sec to (tf)o, giving (tf)oo = 3.1 f 0.8 mp sec in agreement with the value obtained from the crystal measurements.
The smaller difference in the values of tf observed for thick crystals and microcrystals of trans-stilbene is due to the reduced overlap of the absorptino and emission spectra. The reduced self-absorption of stilbene compared with anthracene is confirmed by the observations of Koski (195 l), who compared the emission spectrum of a stilbene crystal with that of a dilute solution of stilbene in polystyrene. The data on tf for stilbene, diphenylacetylene and terphenyl indicate that (tf),,o foreach of these materials is of the order of 3-4mp sec. This is to be expected since the oscillator strengths of the optical transition from the first electronic excited state to the ground state, responsible for the fluorescence emission, are similar to that of anthracene.
Liebson's value of tf = 11 mp sec for terphenyl appears anomalous, and disagrees with his value of t, = 6 mp sec for the same material. Since t1-2tf we may estimate tf -3 m p sec from this latter measurement, in agreement with the general results.
6. CONCLUSION
The results indicate that the photo-fluorescence molecular decay time (tf)oo, in the absence of internal quenching, of the organic compounds studied is of the order of 3-4mpsec. This is reduced to (tf)o for microcrystals, due to internal conversion, and increased to tf for large crystals, due to self-absorption. The spectral and decay time measurements on anthracene crystals show clearly that intermolecular energy exchange occurs by photon emission and reabsorption, as proposed by Birks (1953) .
